Abstract Bats are known reservoirs for numerous emerging infectious diseases, occupy unique ecological niches, and occur globally except for Antarctica. Given their impact on human and agricultural health, it is critical to understand the mechanisms underlying immunocompetence in this reservoir host. To date, few studies have examined immune function in the Order Chiroptera, particularly among natural colonies of bats. The phytohemagglutinin (PHA) skin test has been widely used to measure delayed-type cellular immune response in a wide variety of vertebrates, and has been routinely employed in immunoecological studies. Although this test is frequently described as a measure of T cell proliferation, recent studies indicate it may represent a combination of immune responses. In mammals, the immune response is differentially, temporally and spatially regulated, therefore, we characterized the infiltrating leukocyte response to the PHA skin test in bats by examining a time-series of histological sections from PHA and saline injection areas in 41 Brazilian free-tailed bats (Tadarida brasiliensis). Results suggest that bats exhibit diverse leukocyte traffic within 6 h, and up to 24 h following subcutaneous PHA injection. There was a significant presence of lymphocytes and neutrophils, as well as eosinophils, basophils, and macrophages observed in the PHA-injected tissues, compared with saline-injected control tissues. We observed a highly significant negative correlation between the number of lymphocytes and neutrophils in PHA-injected tissue, with peak lymphocyte response at 12 h, and peak neutrophil response at 24 h post-injection. These results indicate substantial variation in the immune response of individuals, and may aid our understanding of disease emergence in natural populations of bats.
Introduction
Bats have been increasingly recognized as reservoirs of high-consequence human pathogens, such as Ebola (Leroy et al. 2005 (Leroy et al. , 2009 ) and Marburg Towner et al. 2009 ) filoviruses, Nipah (Johara et al. 2001) , Hendra (Halpin et al. 1996) and other paramyxoviruses (Chua et al. 2001) , coronaviruses (Carrington et al. 2008; Dominguez et al. 2007; Gloza-Rausch et al. 2008; Li et al. 2005; Muller et al. 2007 ) and lyssaviruses (Kuzmin and Rupprecht 2007) . To model and predict how and when these infectious diseases emerge, there has been increasing interest in understanding seasonality in immunological competence as it relates to epizootiology in natural reservoir populations (Dimitrov and Hallam 2009; Halpin et al. 2007 ). One approach is to investigate variation in disease prevalence in natural host populations in relation to individual and group immune competence, which may non-exclusively be affected by seasonal life history, nutritional status, physiology, behavior, and ecology (Klein 2000; Nelson and Demas 1996; Schuurs and Verheul 1990; Zuk 1996) . Currently, there are relatively few assays that have been adapted successfully to field use for investigating the immune dynamics of free-ranging animals, particularly where re-capture probabilities may be low. One exception has been the phytohemagglutinin (PHA) skin test, which is used to measure a delayed-type hypersensitivity (DTH) response through mitogenic activation of lymphocytes (Bonforte et al. 1972; Lawlor et al. 1973; Stadecker et al. 1977) . The PHA skin test has previously been reported to result in T cell proliferation with in vitro and in vivo models (Naspitz and Richter 1968) . This assay has been employed in a variety of immunoecological studies for mammals Christe et al. 2000; Gouy de Bellocq et al. 2006 Lehmer et al. 2007 ), birds (Martin et al. 2006) , reptiles (Berger et al. 2005; Kahn et al. 2007) , and amphibians (Gervasi and Foufopoulos 2008) to investigate the cellular immune response in relation to presumptive energetic trade-offs associated with life history, endocrine dynamics, parasitism, disease, and toxicology (Klasing 2004; Lee 2006) . Prior studies using the PHA skin test in bats have suggested that energetic trade-offs with life history or roost ecology may limit the response of different cohorts of individuals Christe et al. 2000) . Variation in host immunocompetence may be a critical factor in understanding the seasonality of disease emergence and persistence in wildlife reservoirs (Altizer et al. 2006; Nelson et al. 2002) .
Recent debate has questioned the interpretation of PHA injection-site swelling as an index of T cell-mediated immunocompetence (Kennedy and Nager 2006; Martin et al. 2006) . Notably, other leukocytes (basophils, neutrophils, and eosinophils) may be primarily responsible for localized vasodilatation, infiltration and edema, resulting in inflammation of the PHA injection site (Goto et al. 1978; McCorkle et al. 1980; Stadecker et al. 1977) . Recently, a study by Tella et al. (2008) used flow cytometry to demonstrate a significant presence of T helper (Th) and cytotoxic T cell (CTL) subsets in the peripheral circulation of birds injected with PHA. Macroscopic swelling was only found to significantly correlate with the circulating level of CTLs, and the authors suggest that both non-specific and specific axes of the immune system are responding to the in vivo PHA test in birds (Tella et al. 2008) . Typically, most studies using the PHA skin test as a measure of immunocompetence examine only superficial measurements of macroscopic swelling following subcutaneous (SC) PHA injection, without histological characterization or flow-cytometry analysis. Identifying the leukocytes responsible for localized infiltration following the PHA skin test is necessary for proper interpretation of macroscopic swelling in relation to the immune response of an individual.
This study examines histological sections of biopsied tissue injection areas taken from individual wild-caught bats, following SC injection with PHA or saline only, at time points of 6, 12 and 24-h post-injection. We characterize the infiltration of leukocytes to the injection area, and evaluate the correlation of leukocyte infiltration to measurements of macroscopic swelling. Previous studies in humans have recognized a reduced response to the PHA skin test in infants and young children (Bonforte et al. 1972; Lawlor et al. 1973 ). Furthermore, a study of rabies infection in Brazilian free-tailed bats suggested that juvenile bats may be immunocompromised during early weeks of life (Constantine 1986 ). These findings motivated age stratification in our sampling scheme, to test the hypothesis that juvenile bats may have a reduced response to PHA injection when compared with adult bats.
Materials and methods

Animal sampling
All capture and handling protocols were compliant with the University of Tennessee Institutional Animal Care and Use Committee and the American Society of Mammalogists Guidelines for the Use of Wild Mammals in Research (Gannon et al. 2007) , and were authorized under Texas Parks and Wildlife permit SPR-0305-058. A total of 26 adult (1 male, 25 females) and 15 juvenile (7 males, 8 females) Brazilian free-tailed bats were captured in flight using hand nets between 21:00 and 22:00 on July 21, 2008 and July 22, 2008 at the entrance of Frio Cave in Uvalde County, TX (29°26.0927 0 N, 99°41.0774 0 W). All bats were immediately freed from netting, placed into individual cloth bags, and transported to a nearby field station for experimental treatments. Following completion of experiments, standard morphological measurements were taken from all bats, including age, mass, sex and forearm length. We did not score the reproductive condition of adult female bats, although the timing of our sampling corresponds to a period when most females are in the later stages of the lactation period, typically characterized as early June through early August (Reichard et al. 2009 ).
Challenge and tissue collection
Of the 41 bats, we took subsamples of 13-14 bats to obtain even ratios of adults and juveniles, and of juvenile males and females for each time point. Within 2 h of capture, bats were injected SC with lyophilized phytohemagglutinin (Phaseolus vulgaris PHA-P #L8754; Sigma, USA) dissolved in sterile phosphate-buffered saline (PBS) (3 mg/ ml), or sterile PBS alone ). Injections were administered in the interfemoral membrane (uropatagium) below the knee at the point of contact with the leg. Prior to injection, the area of the membrane adjacent to each leg was measured with a digital micrometer to the nearest 0.001 mm (Mitutuyo #293-230, Japan). Measurements of all injection areas pre-and post-injection were performed by the same person (AST), and were taken twice and averaged. The experimental area was injected with 0.05 ml of the PHA solution and the contralateral control area was injected with 0.05 ml of sterile PBS only. At time intervals of 6, 12, and 24-h post-injection, swelling measurements were taken immediately prior to aseptic tissue biopsy of PHA and PBS injection areas with a 3-mm dermal punch (Miltex, Inc., PA, USA). Biopsies were taken using one tool per bat, with flame-sterilization between coring the PBS and PHA injection areas. Following biopsy, the cored area was treated with Chlor-A-Flush (lidocaine/ antiseptic) and Nexaband tissue adhesive, and bats were returned to cloth bags for 1-2 h prior to morphological measurement and release. All tissue biopsies were immediately fixed in 10% buffered formalin, and after 72 h, transferred to 70% ethanol until processing.
Tissue processing and cell counts
All tissues were embedded in paraffin, and stained with hematoxylin and eosin, and mounted on slides following standard procedures at Auburn University's College of Veterinary Medicine Histology Laboratory. The person performing cell counts (JAE) was blind to the identity of treatment and time post-injection. Total cells (both infiltrating and pre-existent) with the exception of red blood cells were counted in a minimum of three, 5-lm wide sections perpendicular to the epidermis and along the entire thickness of the biopsy for each individual. Cellular differentiation was performed under light microscopy using a Zeiss Axiophot microscope with a 1009 oil-immersion objective. Leukocytes observed in tissue sections were identified based on morphology as lymphocytes, neutrophils, macrophages, eosinophils, and basophils. Mean cell counts (±SD) were calculated for each individual sample and cell type.
Statistical analyses
All statistical analyses were performed using JMP v.7.0.1 (SAS Institute Inc., Cary, NC, USA). Swelling was calculated as the difference between pre-and post-injection measurements individually for saline or PHA-injected areas (Lochmiller et al. 1993; Navara et al. 2006; Smits et al. 1999) . Two bats that did not show evidence of cellular infiltration following PHA injection were excluded prior to subsequent analyses (n = 39). A Kruskal-Wallis test was used to compare macroscopic swelling and leukocyte counts for saline-injected versus PHA-injected tissues, separately for each time period (a = 0.05). Spearman's rank-order correlation was used to evaluate nonparametric correlations between macroscopic swelling and leukocyte counts in PHA-injected tissues across all time points (a = 0.05).
The effects of time point and age (i.e., adult vs. juvenile) on immune response were further investigated for PHAinjected tissues. As different leukocytes are unlikely to act independently in their response to PHA, data were analyzed using a principal components analysis (PCA) to account for correlation among swelling and leukocyte counts. Most variables exhibited a normal distribution, but eosinophil and macrophage counts were log-transformed (x 1 = [Log 10 (x ? 1)]). Data for swelling and each cell type were then standardized to a z score (z = [(x -l)/r]) and entered into a PCA. A one-way ANOVA model with time as a predictor was tested separately for the first two principal components from the PCA (i.e., PC1, PC2). A two-way ANOVA model with time, age, the interaction of time and age was also tested separately on PC1 and PC2 scores. Tukey's post hoc test was used to identify significant contrasts between categorical level means (a = 0.05).
Results
Morphological distinction of age classes was possible across sampled individuals (n = 41). The forearm length of adult bats (43.4 mm; range 41.3-45.6 mm) was greater compared to forearm length among juvenile bats (41.3 mm; range 39.1-42.9 mm; F 1,39 = 43.1, P \ 0.0001). Similarly the mass of adult bats (11.42 g; range 10.00-12.75 g) was greater compared to the mass of juvenile bats (9.48 g; range 8.25-10.00 g; F 1,39 = 113.7, P \ 0.0001).
Leukocyte response to PHA injection There was significant swelling and infiltration of leukocytes in the PHA-injected tissues that was absent from saline-injected tissues (Figs. 1, 2, 3 ) at each time point (n 6h = 14, n 12h = 14, n 24h = 13) (Fig. 4) . Lymphocytes (40.1 ± 16.3) and neutrophils (48.0 ± 17.4) were observed in highest abundance in the PHA-injected tissue, with fewer numbers of macrophages (1.4 ± 1.0), eosinophils (4.3 ± 1.5), and basophils (3.3 ± 2.3) (Fig. 5 ). There was a highly significant negative correlation between the presence of lymphocytes and neutrophils in the PHAinjected tissues (q = -0.90, P \ 0.0001, Fig. 6 ). The swelling response showed a marginal positive correlation with the presence of basophils (q = 0.31, P = 0.06) in PHA-injected tissues, but swelling did not correlate with any other leukocyte counts. No other pair-wise correlations were detected among variables (P C 0.10).
Temporal and age effects on response to PHA injection The first two principal components (PC1, PC2) explained 53% of the variation of the immune response in PHAinjected tissues. PC1 had high factor loading on lymphocytes (0.66) and neutrophils (-0.71), whereas factor loadings for all other variables were negligible (\|0.2|). PC2 had high factor loading on the swelling index (-0.67), eosinophils (0.34), and macrophages (0.64), whereas factor loadings for all other variables were negligible (\|0.2|). In the one-way ANOVA model, there was significant variation in PC1 across time points (F 2,36 = 3.88, P = 0.03), but not PC2 (P = 0.33), in PHA-injected tissues. Post hoc comparisons of categorical level means reveal that PC1 at 12 h is significantly greater than PC1 at 24 h (P \ 0.05), but neither differs significantly from PC1 at 6 h postinjection (P [ 0.05). In the two-way ANOVA model of PC1 scores, the interaction of time and age was not significant (P = 0.68) and this term was removed. In the final two-way ANOVA model of PC1 scores (F 3,35 = 3.19, P = 0.04), time was a significant predictor (P = 0.02), but age was not (P = 0.20). In the two-way ANOVA model of PC2 scores, the time by age interaction was a significant term (P = 0.03), and was included in the final model (F 5,33 = 2.59, P = 0.04). Comparisons of interaction level means suggests that differences in PC2 scores between juvenile and adult bats were greatest at 12-h post-injection, with adults having greater PC2 scores, but none of the pairwise contrasts between the levels of the interaction term were significant (P [ 0.05).
Discussion
This study demonstrates significant variation in the DTH response of individual bats, but also highlights potential challenges for interpreting the response to the PHA skin test as a measure immunocompetence in free-ranging animals. The range of variation in the swelling response to the PHA skin test from bats in this study (n = 41; range = 0.15-1.32 mm) is representative of the variation among swelling responses from a much larger sample of Brazilian free-tailed bats from four different locations and spanning several seasonal periods (n = 266; range = -0.04 to 1.50 mm), using the same injection dose and measurement tools. The macroscopic swelling response of bats did not correlate with the abundance of any specific leukocytes in the injection area, and may reflect the total accumulation of leukocytes in PHA-injected tissues rather than any single leukocyte. Despite observed variation in the proportional abundance of different leukocytes to the PHAinjected area, the functional contribution specific leukocytes could not be assessed. T cells which accumulate in the PHA injection area may primarily secrete cytokines to stimulate the recruitment of other cell types, and are not functioning in antigen presentation (Stadecker et al. 1977) . However, reports of elevated CTL subsets in circulation following PHA injection, and the observation of an anamnestic response to secondary challenge, suggest active elements of a specific cell-mediated immune response (Tella et al. 2008) . The absence of a correlation between measured swelling and the presence of lymphocytes indicates that macroscopic measurements of PHA response do not provide quantitative information on the T cell response among individuals, despite histological evidence of a significant lymphocyte response to SC PHA injection at the time when swelling response measurements are typically taken in bats (i.e., 10-12-h post-injection) Christe et al. 2000) . These results contrast the findings of a similar study that characterized the leukocyte response to SC PHA injection in house sparrows (Martin et al. 2006) , where swelling was positively correlated with lymphocytes at 6-h post-injection and neutrophils at 12-h post-injection, yet negatively correlated with basophils at 6-h post-injection and neutrophils at 24-h post-injection.
However, given that wing web measurements on birds are typically taken 24 h following PHA injection, both studies are consistent in reporting that macroscopic swelling does not correlate with lymphocyte response during typical measurement periods (Martin et al. 2006) . The histological findings differ from a recent study that reported a correlation between macroscopic swelling and circulating CTLs in parrots (Order Psittaciformes) (Tella et al. 2008) . Nonetheless, the histological data demonstrate that response to the PHA skin test reflects multi-cellular Fig. 5 The temporal response profile at 6-, 12-and 24-h postchallenge for a swelling, and cell counts of b lymphocytes, c neutrophils, d eosinophils, e macrophages and f basophils in the PHA-injected tissues with evidence of cellular infiltration (n = 39). Each point represents one individual cutaneous immune activity rather than simply a T cell response. Based on these results, we recommend collecting tissue biopsies from injection areas when performing the PHA skin test in vivo with free-ranging animals, to ensure that individual variation in the immune response is accurately measured and interpreted.
Two studies have described intraspecific variation in the immune response to the PHA skin test in bats, and interpreted this variation in the context of energetic trade-offs with life history and ecology Christe et al. 2000) . Allen et al. (2009) found significant variation in the swelling response to the PHA skin test among Brazilian free-tailed bats that were sampled from cave and bridge roosts, and hypothesized that differences in colony sizes and microenvironment between these two types of roosts may lead to variable energetic investment for adaptive immune responses. Christe et al. (2000) found significant variation in the swelling response to the PHA skin test among greater mouse-eared bats (Myotis myotis) across adult female reproductive stages and parasitism intensity. However, neither study collected tissue biopsies for characterization of the immune response in the PHA injection area.
It is well-known that immunocompetence of animals can decline with age, and reduced responses to mitogens have been reported in older ([65 years) compared with younger (21-30 years) humans (Gillis et al. 1981) . Evidence for reduced immune responses of very young animals appears equivocal, as one study reported a higher cell-mediated immune response to PHA injection in juvenile birds compared to adults (Tella et al. 2002) , although the opposite pattern was observed in previous studies with humans (Bonforte et al. 1972; Lawlor et al. 1973) . Another study reported that pathogen-free Beagle puppies as young as 1 day old mounted similar responses to modified live canine parvovirus and killed rabies vaccines compared to older dogs (Chappuis 1998) . One half (8 of 15) of juvenile bats sampled in this study had not reached adult size based on the length of the forearm, but were volant and estimated to be approximately 4 weeks of age (28-33 days) based on post-natal growth rate equations for this species Kunz and Robson 1995) . Age effects were not detected in the PC1 scores of PHA response, which reflect the activity of lymphocytes and neutrophils. An age by time period interaction was detected in the PC2 scores of PHA response, which is associated with macroscopic swelling and presence of macrophages and eosinophils; however, limited variation in the data set likely reduced power to detect differences between interaction level means (age 9 time, Power = 0.67). Although age-related differences in immunological response may exist, significant differences between the leukocyte responses of adult and juvenile bats to the PHA skin test were not observed. However, females dominated the adult cohort (25 of 26) in this study and were likely still nursing young (Reichard et al. 2009 ). Furthermore, it is difficult to refine age estimates of wild-caught adult bats without invasive sampling (i.e., tooth extraction) (Brunet-Rossinni and Wilkinson 2009). The leukocyte response of adult females to PHA may be compromised by energetic trade-offs associated with reproductive activity leading to down-regulation of non-specific defenses (Lee 2006) , or could be reduced in very old adult bats, potentially obscuring quantitative comparisons with the response of juvenile bats. Volant juveniles do not appear immunocompromised based on the results in this study, but we cannot speculate on the immunological competence of non-volant suckling bats (i.e., 1-2 weeks of age). As parturition in this species is highly synchronized and the majority of adult females are reproductively active during the maternity season (Reichard et al. 2009 ), it is difficult to compare the immune response to the PHA skin test in juvenile bats concurrently with non-reproductive adult females. However, it would be prudent to include sampling of suckling bats, as well as non-reproductive adult females and adult male cohorts in future testing of age effects on immune response. Hormonal fluctuations associated with gender-specific reproductive and mating activities can non-exclusively affect the immune response (Klein 2000; Nelson and Demas 1996; Schuurs and Verheul 1990; Zuk 1996) , and may affect the response to the PHA skin test in a variety of animals (Christe et al. 2000; Drazen et al. 2003; Martin et al. 2006; Tschirren et al. 2003) . Limited sampling of adult males (n = 1) and male and female juvenile bats (i.e., 2-3 bats/gender/time point) across time periods precluded adequate testing for gender effects in either cohort. However, post-natal growth rates of male and female Brazilian free-tailed bat neonates were not significantly different in a previous study (Kunz and Robson 1995) , suggesting similar age-related immunodevelopment among juvenile male and female bats. During the seasonal period sampled in this study, it is rare to find adult male Brazilian free-tailed bats in cave roosts (Reichard et al. 2009 ), whereas gender ratios are closer to unity in bridge roosts (Keeley and Keeley 2004) . Longitudinal testing of adult male and female bats is needed to resolve whether mating and reproductive activity (e.g., pregnancy, lactation) are associated with down-regulated non-specific immune response to PHA, as reported for the greater mouse-eared bat (Christe et al. 2000) .
Prior pathogen exposure or active infection may confound the interpretation of individual level variation with induced immune responses in natural populations of freeranging animals (Lee 2006) . Brazilian free-tailed bats are recognized reservoirs of rabies virus, although the prevalence of clinical infection is \1% among free-flying bats (Constantine et al. 1968) . A recent study estimated that 33% of adult female (n = 24) and 71% of adult male (n = 7) bats had rabies virus neutralizing antibodies (VNA) in circulation during the female lactation period at Frio Cave, with evidence of rabies virus exposure in all age and gender classes of bats (Turmelle et al. 2010) . It is not known whether active circulation of VNA might alter the response to PHA injection, and the abundance of leukocytes in circulation was not characterized prior to PHA injection in the current study. Furthermore, 80% (n = 6) of juvenile bats sampled from a nearby cave demonstrated rabies VNA during the nursing period (Turmelle et al. 2010) , which presumably reflects passively acquired maternal antibodies transferred via colostrum (Vos et al. 2003) . While it has been reported that the presence of maternally acquired VNA inhibits specific immune defenses in young animals (Chappuis 1998; Muller et al. 2001; Xiang and Ertl 1992) , it is not known whether a similar effect would be observed for the non-specific response to PHA or could be a factor in the susceptibility of young bats to other infections. The importance of pre-injection circulating leukocytes to the magnitude and cellular composition of the DTH response warrants additional study.
Although the PHA skin test can be easily employed in field studies to measure non-specific immune responses of individual free-ranging animals, we argue that a variety of factors such as host ecology, life history and pathogen exposure can complicate the interpretation of the swelling response to PHA as a measure of individual immunocompetence, particularly when histological data are not examined. Non-invasive immunological assays that quantify relevant specific immune responses associated with disease pathogenesis are also needed to understand how individual and population level fluctuations in immunocompetence may impact the emergence of viral zoonoses in natural populations of bats.
